Intravenous colistin is used to treat resistant Gram-negative infections and is associated with nephrotoxicity. In overweight and obese adults, a paucity of data exists regarding the incidence and predictors of such toxicity. A retrospective nested case-control study was performed over 35 months for patients receiving intravenous colistin for >72 h with a body mass index (BMI) of >25 kg/m 2 . The objective was to investigate the incidence and predictors of nephrotoxicity. Severity of acute kidney injury was defined by RIFLE (risk, injury, failure, loss, and end-stage kidney disease) criteria. Dosing and mortality were secondarily investigated. Forty-two patients met the inclusion criteria, and 20 (48%) developed nephrotoxicity. Patients with toxicity were in the risk (15%), injury (5%), and failure (80%) categories based on RIFLE criteria. A logistic regression model identified four predictors of colistin-associated nephrotoxicity: a BMI of >31. . Among all of the patients, dosing based on the actual body weight and excessive dosing due to the use of the actual body weight were frequent at 64% and 92%, respectively. The 30-day all-cause in-hospital mortality rate was 40% in the toxicity group and 14% in the nontoxicity group (P ‫؍‬ 0.14). Patients receiving intravenous colistin should be monitored for nephrotoxicity, especially when the BMI exceeds 31.5 kg/m 2 . Prospective, randomized, controlled trials are warranted to further examine nephrotoxicity incidence and predictors and appropriate dosing strategies in this population.
I
ntravenous colistimethate sodium (CMS, colistin) is a polymyxin-type antimicrobial currently used to treat multidrug-resistant (MDR) Gram-negative infections caused by bacteria such as Acinetobacter baumannii, Pseudomonas aeruginosa, and Klebsiella pneumoniae (19) . Although it was first used in the 1950s, CMS fell into disuse primarily due to significant associated nephrotoxicity (NTX), with incidence reports now ranging from 0% to 53.5% (8) . Its unique history has been described in multiple reviews (8, 18, 21, 24) , and there is a notable lack of definitive recommendations regarding the most efficacious and least toxic way to administer CMS, including in overweight and obese patients (for whom the ideal body weight [IBW] is recommended by the package insert [13, 28] ). As the obesity epidemic continues within the United States, at a rate of Ͼ33% among adults (10) , the questions of what the risk factors for NTX are and how clinicians should administer CMS to these patients remain critical.
Limited data are available regarding NTX in overweight or obese patients receiving intravenous CMS. Following a thorough review of the literature, the only previously published evaluation of more than one overweight or obese individual receiving intravenous CMS included 10 obese patients (defined as those with an actual body weight [ABW] that is Ͼ140% of the IBW) (4) . This analysis found that excessive CMS dosing was frequent and that use of the ABW to calculate doses was associated with a higher rate of NTX. Other published literature including nonoverweight or nonobese populations has shown multiple potential risk factors associated with CMS use to include male sex, age, hypoalbuminemia, hyperbilirubinemia, long durations of therapy, higher cumulative CMS doses, receipt of concomitant nephrotoxins, and concomitant vancomycin, rifampin, or calcineurin inhibitors (12, (15) (16) (17) 23) . Furthermore, NTX has been shown to independently predict fewer cures of infection and to increase the mortality rate (26) .
Given the questions at hand, the objectives of this study were to investigate the incidence of and predictors of the development of NTX in overweight and obese patients receiving intravenous CMS therapy. Mortality and dosing were secondarily evaluated.
MATERIALS AND METHODS
A retrospective nested case-control study of adults (age, Ն18 years) receiving intravenous CMS was performed at a university affiliated hospital between 1 January 2008 and 30 November 2010. This large tertiary-care center provides care to a dynamic patient population that includes medical, surgical, level 1 trauma, transplant, cancer, and critically ill patients. A pharmacy-generated report was used to identify patients who had received intravenous CMS during the study period. Patients were excluded if they had a body mass index (BMI) of Ͻ25 kg/m 2 , had undergone kidney transplantation, received CMS for Ͻ72 h, were receiving renal replacement therapy, had a baseline serum creatinine (S CR ) of Ͼ2 mg/dl, or did not have at least two consecutive stable S CR measurements (an increase of no greater than 20%) within 72 h of CMS initiation. Clinical data were obtained from electronic and paper medical records. Only one treatment (the first) per patient was considered in the analysis. The CMS used in this study was manufactured by X-Gen Pharmaceuticals, Inc., supplied as 150 mg CMS base activity per vial (28) . CMS measurements are given as base activity for the entirety of this report. Intravenous CMS dosing at this institution is not protocol driven; however, usual frequency and renal adjustments are reflected by recommendations from the package insert (Table 1 ). This study was approved by the local ethics committees, and written informed consent was not required.
NTX was defined as at least two consecutive S CR measurements with an increase of 0.5 mg/dl from the baseline at least 24 h apart after 2 or more days of CMS therapy. RIFLE (risk, injury, failure, loss, and end-stage kidney disease) criteria (1, 14) were used to define severity of acute kidney injury (Fig. 1) . Classification of dosing regimens was based upon recommendations from the package insert, which includes modification for renal dysfunction. A daily dose was considered excessive, normal, or low normal if it was greater than, within, or below Ϯ0.4 mg/kg/day, respectively, of the recommended dosing range using the IBW (4, 6). The World Health Organization's international classifications, which are based on the BMI, were used to define overweight or obese patients as having a BMI of 25 to 29.9 kg/m 2 or Ն30 kg/m 2 , respectively (27) . Data collected on each patient included demographics, comorbid conditions (diabetes, peripheral vascular disease, congestive heart failure, transplant history), acute physiology and chronic health evaluation II (APACHE-II) score at CMS initiation, duration of CMS therapy, daily dose of CMS, S CR measurements on therapy and 72 h prior to therapy, serum albumin, total bilirubin, organism(s) causing infection, site of infection, 14-and 30-day all-cause in-hospital mortality, and length of hospitalization. Hypoalbuminemia was defined as a serum albumin level of Ͻ2.0 g/dl, and hyperbilirubinemia was defined as a total bilirubin level of Ͼ5 mg/dl (17) . Evaluation of concomitant medications included vasopressors and nephrotoxic agents (intravenous radio contrast, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, aminoglycosides, rifampin, cyclosporine, nonsteroidal anti-inflammatory drugs sulfamethoxazole-trimethoprim, diuretics, tacrolimus, vancomycin, or antilymphocyte antibodies).
Data were screened for normality using a panel of seven tests. When data were normally distributed, descriptors of central tendency (mean), variance (standard deviation), and hypothesis testing were analyzed using parametric tests. For data that were not normally distributed, descriptors of central tendency (median), variance (interquartile range), and hypothesis testing were analyzed using nonparametric tests. Chi-square analysis was used to screen demographic and clinical factors known to contribute to NTX. Factors with a P value of Ͻ0.3 were subsequently included in a forward-stepping with replacement multivariate logistic regression algorithm. All statistical procedures were carried out using NCSS v. 7.1.2.
RESULTS
Three hundred seventy unique patients were identified as receiving intravenous CMS during the study time period, 138 of whom were determined to be overweight or obese. When the exclusion criteria were applied to the overweight patients, 4 were excluded due to a history of kidney transplantation, 11 were excluded due to renal replacement therapy on day 1 of CMS therapy, 22 had a baseline S CR of Ͼ2 mg/dl, and 59 received CMS for Ͻ72 h. This resulted in 42 patients who met the inclusion criteria and were incorporated in the analysis. The median BMI was 31.9 kg/m 2 , with a range of 26.4 to 87.7 kg/m 2 . The characteristics of the cohort are listed in Table 2 .
Twenty patients (48%) experienced NTX during intravenous CMS therapy using the previously described definition. When NTX was defined as a decrease in baseline creatinine clearance (using the Salazar-Corcoran equation [25] ) of Ն50% or Ն30%, the NTX incidence was 28.6% or 47.6%, respectively. Patients experiencing NTX were in the risk (15%), injury (5%), and failure (80%) categories based on RIFLE criteria. There was a median of 5 days to the occurrence of NTX (range, 3 to 18 days), and the time to NTX is represented by Fig. 2 . Of the 20 patients with NTX, 5 had undergone dialysis.
In a bivariate analysis, age (P ϭ 0.04), ABW (P ϭ 0.02), BMI (P ϭ 0.015), length of hospitalization in days before receipt of CMS (P ϭ 0.008), and diabetes (P ϭ 0.02) were found to predict the risk of the development of NTX while on CMS therapy (Table  2) . Amphotericin B, rifampin, antilymphocyte antibodies, nonsteroidal anti-inflammatory drugs, and calcineurin inhibitors were not found to be given in this cohort. No concomitant nephrotoxins were found to have statistical significance.
In a multivariate analysis, the best logistic model (Table 3 ) included a BMI of Ն31.5 kg/m 2 (OR [odds ratio] 3.1, P ϭ 0.025), age (OR 1.08, P ϭ 0.045), diabetes (OR 2.11, P ϭ 0.112), and length of hospitalization prior to receipt of CMS (OR 1.04, P ϭ 0.078) as independent predictors of NTX. Age and body mass measurements, including BMI, were nonlinearly related to NTX (Fig. 3) . The in-hospital 14-day all-cause mortality rate in the NTXpositive group was 25% versus 14% in the NTX-negative group (P ϭ 0.4) ( Table 2 ). The 30-day mortality rate was 40% in the NTX-positive group versus 14% in the NTX-negative group (P ϭ 0.14). When mortality was examined with respect to BMI, no association was found (P ϭ 0.80). Examination of mortality with respect to the average mg/kg dose, showed no significant differences. Using ABW, patients who died within 30 days received an average dose of 1.79 mg/kg versus the 2.08 mg/kg of patients who A respiratory source and a bloodstream source were identified in 50% and 38% of the patients, respectively. MDR Acinetobacter baumannii was present in 88% of the cases, and MDR Pseudomonas aeruginosa was present in 12%. Three patients developed CMS resistance on therapy, and all survived.
DISCUSSION
This retrospective, nested case-control study shows a high NTX rate of nearly 50% in overweight and obese adult patients receiving intravenous CMS. The risk of NTX was particularly high in patients with predictors of NTX that include a BMI of Ն31.5 kg/m 2 (independently), older age, diabetes, and a longer duration of hospitalization before CMS receipt. This is the largest study to date of a defined patient population that is representative of an important patient group for which CMS is used worldwide.
The incidence of acute kidney injury, as defined by the RIFLE criteria, revealed a high proportion of patients with failure (80%). In the study by DeRyke et al. (4) , which included nonoverweight and nonobese patients, 5 of 10 patients who developed NTX were categorized as failure. In analyses performed by Hartzell et al. (12) and Pogue et al. (23) , which also included nonoverweight or nonobese patients, failure was found in less than 15% of the patients experiencing NTX. One contributor to this finding may be the large proportion (95%) of critically ill patients in our study. However, a study by Doshi et al. (5) investigated solely critically ill patients of all weight categories on CMS and found failure in only 13% of the patients with acute kidney injury. Another factor to consider based on previous findings by DeRyke et al. is the dosing weight. We found the use of ABW for dosing and excessive dosing due to the use of ABW to be frequent throughout the study at 64% and 92%, respectively. Such excessive dosing may have contributed to the degree of acute kidney injury among patients in whom NTX occurred.
In-hospital mortality rates have not previously been described in this patient population, and data including nonoverweight or nonobese patients are limited (23) . Our finding of a 40% 30-day all-cause in-hospital mortality rate in the NTX group is similar to the 37% found in a recent study that included nonoverweight or nonobese persons (23) . These high mortality rates likely represent the at-risk populations acquiring MDR Gram-negative infections, for whom addition of NTX to multiple other comorbid conditions may raise an already high baseline mortality rate.
When approaching antibiotic dosing in obese patients, clinicians should be mindful of the complex relationship between antibiotic pharmacokinetics and body size indices (7, 22) . Obesity can effect drug factors such as distribution, protein binding, metabolism, and clearance. Selecting an appropriate approach to renal function measurement is also challenging (3). The problem may be further aggravated particularly by the volume status of obese critically ill patients (20) . As the extravascular space increases, drug distribution is altered. Given the unique history of CMS, this dilemma remains a major concern for clinicians. Colistin is a metabolite of the prodrug CMS, and the pharmacokinetic behavior of metabolites is very difficult to characterize without administering both the parent drug and the preformed metabolite on different occasions. We are unaware of such studies with humans, and these data are urgently needed.
Excessive dosing of CMS (use of ABW for dosing) may result in an increased risk of NTX (4) and more-severe acute kidney injury. Underdosing of CMS (use of IBW) may increase the chance of treatment failure (11) and the development of bacterial resistance (9) . In our study, dosing weights were not found to be linearly associated with increased rates of NTX; however, a BMI of Ն31.5 kg/m 2 was. Further, in our study, lower average mg/kg doses were given to patients who died. Recently published studies regarding CMS pharmacokinetics suggest that this could be due to colistin levels in vivo not reaching necessary MIC breakpoints (2) . The use of loading doses may provide a solution to this problem (11) . These points should be considered especially when clinicians treat severely ill patients or those with infections due to organisms with high MICs.
In regard to CMS resistance, patients who developed CMSresistant organisms on therapy (n ϭ 3) received excessive doses and did not die. One of these patients experienced NTX with the classification of failure based on RIFLE criteria. Conclusions cannot be drawn from this small sample.
Limitations of this study are that it was retrospective and observational and was completed in a single center. In addition, an institutionally standardized dosing protocol for intravenous CMS was not dictated during the study period. Prescriber preference could contribute to potential confounding through the use of higher doses in patients perceived as more severely ill. However, loading doses were not used in any patients, contributing to uniformity. In regard to kidney function, extensive investigation regarding a history of acute kidney injury prior to CMS therapy outside 72 h of therapy initiation was not completed, which could have identified further risk factors or confounding causes of NTX. Finally, using the RIFLE criteria, chronic kidney injury could not be assessed due to the lack of data.
Despite the limitations noted, this study has several strengths. It included a well-characterized study population with clinical and laboratory information available for analysis. Research exclusive to overweight and obese patients is notably limited yet particularly relevant. Definitions (RIFLE, NTX, dosing categorization, etc.) are consistent with recent literature. Additionally, this evaluation included a large percentage of critically ill patients with either A. baumannii or P. aeruginosa infection and therefore evaluated the effects of CMS on NTX in a specific patient population. Furthermore, many findings, including age as a predictor of CMS-associated NTX, are consistent with previous literature. Finally, we believe this is the first study to evaluate CMS-associated NTX in overweight and obese patients using the RIFLE criteria.
In conclusion, overweight and obese patients receiving intravenous CMS should be monitored closely for NTX. Patients with a BMI of Ն31.5 kg/m 2 , increased age, diabetes, and longer hospitalization prior to receipt of CMS may be at particular risk. Prospective, randomized, controlled trials are warranted to further examine NTX incidence and predictors and appropriate dosing strategies for this patient population to avoid toxicity and development of bacterial resistance and achieve a clinical cure.
